The bacterial diversity of the continental shelf sediment in the Yellow Sea was investigated by the cloning and sequencing of PCR-amplified 16S rRNA genes. The majority of the cloned sequences were distinct phylotypes that were novel at the species level. The richness estimator indicated that the sediment sample might harbor up to 32 phylum-level taxa. A large number of low-abundance, phylum-level taxa accounted for most of the observed phylogenetic diversity at our study site, suggesting that these low-abundance taxa might play crucial roles in the shelf sediment ecosystem.
Marine microorganisms are a major component of global biogeochemical cycles [1, 19] , and recent technological developments in marine geochemistry and microbiology have revealed that prokaryotes in the marine sediments play critical roles in the marine biogeochemical cycling [10] . Approximately 5 to 10 billion tons of particulate organic matter sinks into the oceans each year, and most of this is deposited on the continental shelves, which constitute only 8.6% of the total ocean floor [18] . The continental shelves are important sites for the biogeochemical cycles in the ocean because only a small percentage of organic matter is permanently buried, and most of the organic matter is re-mineralized in the shelf sediment. However, to our knowledge, only a limited number of studies have been conducted to investigate the microbial community structure in the continental shelf sediments [3, 4, 15, 17, 27] , and the shelf sediments remain undersampled.
The continental shelf in the Yellow Sea was submerged in the course of the post-glacial sea-level rise, and it extends from the Bohai Sea in the north to the East China Sea in the south. The seafloor of the Yellow Sea is relatively smooth at water depths of 80 to 100 m, and the seafloor sediments form a distinct layer of relict sands. Most of the finer sediments in the top layer of the sea floor are winnowed out by tidal currents and waves [16] . In this study, we investigated the bacterial community composition using the cloning and sequencing of 16S rRNA genes amplified from the community DNA extracted directly from the Yellow Sea continental shelf sediment. This paper describes an unexpectedly high level of bacterial diversity and novel taxa observed from the Yellow Sea continental shelf sediment.
Sampling Site and Phylogenetic Analysis
A sediment core sample was collected from the southeastern Yellow Sea (125 o 30'E and 33 o 30'N), west of Je-Ju Island using a gravity corer. Community DNA was directly extracted from the sediment sample using a Power Soil DNA Isolation Kit (MoBio, Solana Beach, CA, USA). The bacterial 16S rRNA genes were PCR-amplified using universal primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-AAGGAGGTGATCCAGCCGCA-3') [23] , purified using a QIAquick PCR Purification Kit (Qiagen, Valentia, CA, USA) and cloned using a TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA). Inserts of randomly selected clones were sequenced multiple times on each strand using an automated capillary DNA sequencer (Applied Biosystems, Foster City, CA, USA). The cloned sequences were checked for possible chimeric origins using Mallard software based on the Pintail algorithm [2] . A few potentially suspicious sequences were excluded in subsequent analyses. The phylum-level phylogenetic positions of the cloned sequences were determined using the naïve Bayesian classifier [34] . RDP's Sequence Match (RDP database) and NCBI-BLAST (GenBank database) were used to find closely related sequences. The phylogenetic similarity The cloned sequences obtained in this study (marked with closed circles) were compared with the most closely related sequences obtained from the GenBank database. The phylogenetic distances of each sequence were calculated using the Kimura two-parameter model and the tree was constructed using the neighbor-joining algorithm. The numbers at the nodes indicate the bootstrap score (as a percentage) and are shown for frequencies at or above the threshold of 50%. The scale bar represents the expected number of changes per nucleotide position. 
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between the clones and the closest relatives were determined using the Kimura two-parameter model. The cloned sequences and reference sequences were edited and aligned using CLUSTALW [31] and then were subjected to phylogenetic reconstruction using MEGA software [21] . The evolutionary distances were calculated using Kimura's two-parameter model [20] . Phylogenetic trees were inferred using the neighbor-joining algorithm and the tree topology was statistically evaluated by 1,000 bootstrap resamplings.
To estimate the richness and coverage at the phylum level, the monophyletic groups (bootstrap score >80%) showing phylum-level divergences in Fig. 1 were defined as operational taxonomic units (OTUs). OTU richness and coverage estimators were calculated using EstimateS software [7] . The OTU richness (S Chao1 ) was estimated using the nonparametric model of Chao [5] with 100 random sample repetitions; that is, S Chao1 = S obs + (a 2 /2b), where S obs is the number of OTUs observed, a is the number of singletons, and b is the number of doubletons.
Overview of the Clone Library
A total of 156 clones were obtained from the sediment sample. After removing seven suspicious sequence anomalies detected using the pintail algorithm [2] , the remaining 149 clones were subjected to phylogenetic analysis. The closest relatives of the 138 (92.6%) cloned sequences were environmental clones that were primarily (80.6%) recovered from the marine sediment samples ( Table 1 ). The average sequence similarity (calculated using the Kimura twoparameter model) [20] between the clones and their closest relatives was 96.4 ± 3.9%. Sixty-one (40.9%) cloned sequences showed <97% similarity to their closest relatives and 39 (26.2%) of these sequences showed <95% similarity. Phylogenetic reconstruction revealed 28 bootstrap-supported (bootstrap score >80%) major branches in the clone library ( Fig. 1) , and the depth of the major branches corresponded to the phylum-level divergence (<75% to 80% similarity) suggested by Hugenholtz et al. [13, 14] .
Phylum-Level Phylogenetic Positions of Cloned Sequences
We initially determined the phylogenetic positions of the cloned 16S rRNA gene sequences using the RDP Bayesian classifier [34] . The phylum-level phylogenetic affiliations of the 112 cloned sequences were assigned using the Bayesian classifier with bootstrap confidence estimates greater than 80% ( Table 1 ). The majority (50.3%) of the assigned clones belonged to the phylum Proteobacteria and the minor groups included phyla Acidobacteria, Actinobacteria, Bacteriodetes, Chloroflexi, Deferribacteres, Firmicutes, Gemmatimonadetes, Nitrospira, Planctomycetes, Verrucomicrobia, and candidate phyla OP11 and OD1. The remaining 37 sequences belonged to unclassified monophyletic groups UC01 through UC15 (Fig. 1B) , and the phylogenetic affiliations of these 37 sequences could not be determined using the Bayesian classifier owing to low (<80%) confidence. Although we initially used partial (ca. 600 bp) rRNA gene sequences, the Bayesian classifier is known to be accurate down to the genus level and family level for 400 bp and 200 bp partial sequences, respectively [34] . However, the Bayesian classifier tends to provide classification results with low confidence estimates for sequences belonging to regions of the bacterial diversity with less-defined taxonomy. For example, Wang et al. [34] reported that in their simulation analysis, the majority of sequences in a library of the phylum Acidobacteria environmental clones could not be classified accurately (<80% confidence estimate), even at the phylum level.
In order to assign the phylum-level phylogenetic affiliations to the clones belonging to the groups UC01 through UC15, near full-length (ca. 1,500 bp) sequences of these clones were compared with 41 representative sequences of recognized phyla. The clones of four groups (UC01-03 and UC10) showed sequence similarities greater than 75% (see below for cutoff value) to the recognized phyla (candidate phyla OP8, TM6, WS3, and Chloroflexi). These results were consistent with the groups' phylogenetic positions, as observed in the phylogenetic tree based on the partial sequences. However, the groups UC04-09 and UC11-15 showed <75% similarity to any of the recognized phyla.
High Diversity and Novel Taxa in the Sampling Site
We observed unexpectedly high bacterial diversity in our sediment sample. In the rarefaction analysis where the phylum-level monophyletic clades were defined as operational taxonomic units (OTUs) (Fig. 2) , the Chao's richness estimator [5] indicated that our sediment sample might harbor up to 31.6 phylum-level taxa (S Chao1 , 31.6; S obs , 28). Moreover, the majority (40.7%) of the cloned 16S rRNA gene sequences were distinct phylotypes (sequence similarity <97%). In general, sediment and soil environments have high microbial diversity because of their spatial heterogeneity characteristics [32] . The spatial heterogeneity allows resources to be partitioned to form various microenvironments (niches) that increase the complexity of the microbial diversity. However, the level of diversity observed in this study was much higher than that observed in other studies of marine sediment samples [11, 12, 15, 22, 25, 26, 35] . To our knowledge, this high level of bacterial diversity has previously only been observed in marine sediment samples from the Antarctic continental shelf and the Guaymas basin [4, 8, 30] by using conventional molecular methods. A large number of low-abundance phylum-level taxa accounted for most of the observed phylogenetic diversity at our study site, although temporal variations might exist. We observed a "rare biosphere" [9, 28] in our sediment sample in spite of the relatively small size of our clone library, suggesting that these low-abundance taxa might play crucial roles in the shelf sediment ecosystem. We also found that a significant portion of the bacteria inhabiting the continental shelf sediment in the Yellow Sea might be novel. Approximately half of the bacteria in our sample have not been cultured or described previously, as evident by the relatively low 16S rRNA gene sequence similarities (96.4±3.9%) of the cloned sequences to their closest relatives in the database. Although the classification of bacteria cannot be completed by the 16S rRNA gene sequence comparison alone, the marginal values of the 16S rRNA gene sequence similarity for species-level and genuslevel delineations were estimated to be 97-98% and 95%, respectively [13, 24, 33] . Based on these estimates, 61 (40.9%) sequences in our clone library appeared to be novel at the species level, and 39 sequences (26.2%) could be considered novel at the genus level.
The reason why such significant numbers of novel taxa were found in this environment is unclear, but we developed two hypothetical explanations. First, sediment in the Yellow Sea continental shelf might create a unique environment for microorganisms compared with other marine sediments, which would facilitate the evolution of relatively novel taxa. Therefore, many endemic populations might inhabit this marine environment. However, this explanation might be less probable because the bacterial endemicity was observed only at the genotypic level in soil environments [6] , and the spatial isolation would be unlikely in the marine sediments owing to the constant aqueous contact [29] . Second, the size of the current sequence database might not be large enough to find the "true" closest relatives of our clones. Since studies on the bacterial diversity of marine sediments have only begun recently, only a limited portion of 16S rRNA gene sequences have been recovered from the marine sediments, and therefore the 16S rRNA gene sequences that are "truly" closely related to our cloned sequences might not have been deposited in the public databases yet.
Concluding Remarks
We observed that the Yellow Sea continental shelf sediment harbored unexpectedly high bacterial diversity, and the majority of the cloned 16S rRNA gene sequences were novel at the species level and genus level. In our clone library, the high diversity consisted of a large number of low-abundance phylum-level taxa. Although the ecological roles of the low-abundance taxa are currently unclear, they represent a source of genetic diversity and may play an important role in the shelf sediment ecosystem. Genomic/metagenomic sequence analyses, as well as efforts to culture and characterize previously uncultured bacteria, will provide additional information on marine microbial diversity and the taxonomic outline of bacteria which will subsequently help us to understand their ecological roles in marine habitats.
